Deletions of the long arm of chromosome 5 with common overstomach, thus strengthening the case for the role of this region lapping segment 5q31.1 are among the most frequent cytoin carcinogenesis. 12, 13 genetic aberrations in myelodysplastic syndromes and acute
kemia (FAB AML-M2) cell line HL60. FISH on HL60 metaphase spreads revealed partial retention of Smad5-harbouring CEPH MegaYAC 880g9 sequences on a marker chromosome, Introduction accompanied by loss of adjacent distal as well as proximal genomic segments. The analysis revealed hemizygous loss of Interstitial deletions of the long arm of human chromosome 5 Smad5 itself. RT-PCR sequencing of the retained HL60 Smad5 and loss of the entire chromosome have long been associated parental copy revealed no aberrant nucleotide sequence with myelodysplastic syndromes (MDS) and acute myeloid changes in the transcript. We conclude Smad5 mutations are leukemia (AML). [1] [2] [3] [4] [5] These cytogenetic aberrations occur in not involved in the pathogenesis of the HL60 leukemic phenomore than 50% cases of therapy-induced MDS/AML and are type. Hemizygous loss of Smad5 was also detected by FISH often accompanied by additional karyotypic anomalies, typiin four MDS/AML patients with del(5q). Detailed mutational cally del(7q), −7 and del(20q). 6 Occurrence of del(5q) in cases analysis of a larger set of patients will elucidate the role of of de novo AML is significantly lower (around 10%). 7 RefracSmad5 in the pathogenesis of the MDS/AML phenotype. tory anaemia with del(5q) as the sole cytogenetic anomaly (5q− syndrome) represents a distinct entity with milder clinical course, rarely progressing to the leukemic state.
Materials and methods Recent efforts of several research groups, focused upon molecular characterization of the del(5q), helped to establish Physical mapping of the 5q31.1 region two distinct minimal regions of deletion overlaps, corresponding to chromosomal bands 5q31.1 and 5q32-q33 in cases of
The CEPH MegaYAC clones 773d3, 745f8, 880g9, 737b9, MDS/AML and 5q− syndrome, respectively. [8] [9] [10] Frequent 848d1 and 784b8 were obtained from the Fondation Jean occurrence of del(5q) associated with the phenotype of Dausset, CEPH, Paris, France. Total yeast chromosomal DNA MDS/AML is suggestive of a tumor suppressor gene residing was isolated from 5 ml overnight cultures by the spheroplast with the chromosomal band 5q31.1. The minimally deleted method as described previously. 23 Twenty nanograms of total segment of 1000 kb in size has recently been described in yeast DNA were amplified by PCR in the volume of 25 l with terms of physical mapping and loss of heterozygosity (LOH) 0.2 M of each primer. Chromosomal DNA isolated from a analysis in a patient with acute monocytic leukemia exhibiting Saccharomyses cerevisiae strain AB1380 and total human no cytogenetically observable changes of chromosome 5q. 11 genomic DNA were used as negative and positive template Additionally, loss of alleles from 5q31 has been reported in controls, respectively. Oligonucleotide sequences used for cases of esophageal carcinoma and adenocarcinoma of the PCR mapping of the STS content were obtained from corresponding Genbank entries (summarized in Chromosome-5-specific probes:
The chromosome-5-specific painting analysis was performed using the probe consensus sequence oligos A1: GGA TTA CAG G(C/T)(A/G) produced by Cambio (Cambridge, UK) according to the TGA GCC; A2: (A/G)CC A(C/T)TGCAC TCC AGC CTG either manufacturer's recommendations. each alone or combined. Twenty nanogrammes of total yeast A library of 92 cosmid clones was prepared from the YAC DNA was amplified in the volume of 25 l with 0.2 M of 880g9 harboring the Smad5 gene, using the SuperCos vector each primer. All reactions were performed in 35 cycles at the (Stratagene, Heidelberg, Germany). The clones were selected annealing temperature of 57°C.
for human inserts by hybridization with total human genomic DNA, grown overnight in a 96-well microtiter plate, pooled and cosmid DNA was prepared by alkaline lysis.
Patient material
A cosmid clone with 35 kb insert was isolated from the Bone marrow and peripheral blood specimens of the library by hybridization with the Smad5 cDNA, and used as MDS/AML patients and healthy donors were obtained with a FISH probe. Inter-Alu-PCR product from the YAC 848d1 was informed consent. Patient clinical and cytogenetic data are prepared as previously described. 23 Purified YAC y129G6 (St summarized in Table 2 .
Louis Library, Washington University at St Louis, MO, USA) was used to analyze the IL4/IL5 locus. All probes were labeled performed as described previously.
24

Figure 1
Physical map of the 5q31.1 AML/MDS region. Six CEPH YACs were ordered in a contig based on STS content mapping by PCR. cen, centromere; tel, telomere; asterisk denotes overlap between 848d1 and 784b8 generated by inter-Alu-PCR fingerprinting. Markers with unresolved relative order are included in parentheses. The YAC clones are displayed as shaded boxes and are not drawn to scale.
Results
localized in the vicinity of two dinucleotide polymorpic STSs D5S393 and D5S399.
The tumor suppressor candidate Smad5 resides within the commonly deleted region Smad5 expression in blood and bone marrow cells
In order to construct a physical map of the MDS/AML critical region, we used a PCR-based approach to screen for sequence Using human c-abl mRNA as the positive control, we investigated the Smad5 expression pattern in various cell types by tagged sites (STS) and gene sequences in YACs derived from 5q31.1. The resulting physical map is depicted in Figure 1 .
semi-quantitative RT-PCR analysis. We found detectable levels of Smad5 mRNA in a purified fraction of human CD3 + Four YAC clones, 745f8, 737b9, 848d1 and 784b8 have been found to span the critical interval between IL9 and D5S414 cells and Histopaque-1077-separated peripheral blood granulocytes from a healthy donor, in skin fibroblasts, Histoin a single contig. PCR analysis revealed lack of common STSs shared between 848d1 and 784b8, thus disclosing a gap paque-1077-separated mononuclear and polymorphonuclear bone marrow cells from a healthy donor as well as MDS/AML within the contig. However, the inter-Alu-PCR fingerprinting approach closed the gap, yielding multiple common fragpatients with del(5q) ( Table 2 , patient Nos 1-3), human erythroleukemia cell line K562 and AML cell line HL60 ments of equal size whose identity was confirmed by hybridization (data not shown). This observation is suggestive of subtle ( Figure 2 ). recombination events and/or DNA loss from within YAC sequences occurring during the yeast culture growth. Two additional clones, 773d3 and 880g9, were shown by STS con-FISH analysis of the Smad5 locus in HL60 cell line and MDS/AML patients tent analysis to reside entirely within the larger clone 745f8. Primers for anonymous ESTs and ESTs highly homologous to previously characterized genes mapped to 5q31 by other
In the first part of the experiment, karyotyping analysis of the metaphase spreads of the human AML cell line HL60 (early groups (Smad5, 18 PBP74, 25 EGR1, 26 alpha-catenin 27 and testican (Table 1) ), were used to identify corresponding YACs. Of passage) was performed. The results confirmed previous findings of one retained copy of chromosome 5 and complex genall STSs investigated, only those shown in Figure 1 gave positive amplification results. Smad5 and EST R82072 were found eral aberrations resulting in formation of a set of marker chro- Table 2 ), bone marrow mononuclear cells; lane 9, human AML cell line HL60. Peripheral blood and bone marrow cells were fractionated on Histopaque-1077. Total cellular RNA was isolated, reverse transcribed with random hexanucleotide primers and the first strand cDNA was amplified by PCR using primers specific for Smad5 and c-abl protooncogene as the internal control. The Smad5 primers yield a 291 bp RT-PCR-specific fragment as compared to a 3.0 kb product obtained by genomic DNA amplification (exon/intron boundaries within the 3.0 kb product were confirmed by sequencing, data not shown). Faint bands in lane 6 are due to limited amount of the starting material. Smad5-specific PCR products were verified by sequencing upon isolation from the gel. Additional band in lane 8 represents an unspecific amplification originating from excess ribosomal RNA as revealed by subsequent reamplification and sequencing. mosomes. Previous investigations using a comparative genomic hybridization approach to establish complex rearrangements of the other parental copy of chromosome 5, disclosed a derivative chromosome characterized as der(16)t(5;16)(q31;q24) and a dicentric chromosome dic(5;17)(q11;p11), resulting in loss of the chromosomal region 5q11-q31. 18 In the lost of HL60 tested in our laboratory, we did not identify the dicentric chromosome dic(5;17)(q11;p11). Whole chromosome 5 painting was performed in order to determine the extent of the rearrangement events in more detail. One normal copy of chromosome 5 was identified together with three rearranged chromosomes carrying chromosome-5-derived material (Figure 3a) .
A pool of 92 biotinylated cosmid clones derived from YAC 880g9 spanning the Smad5 coding sequences was used as a FISH probe in the next step to clarify involvement of the critical locus in these complex karyotypic changes. This probe yielded a strong signal on the cytogenetically normal copy of chromosome 5 and a significantly fainter signal on one of the marker chromosomes (Figure 3b ). To characterize further the extent of loss of the genomic material from within and adjacent to the 880g9, a cosmid clone was isolated from the 880g9-derived cosmid library by hybridization with Smad5 RT-PCR generated cDNA, and used as the probe in the next step of FISH analysis. Only a single signal on the normal chromosome 5 was observed (Figure 3c ). The same results were obtained for additional probes YAC y129G6 spanning the IL4 and IL5 genes residing centrometic to 880g9, and for the interAlu PCR product of YAC 848d1 from 5q31.2. (not shown).
In order to investigate whether the Smad5 locus undergoes allelic loss in clinical cases of MDS/AML, we have used FISH with the 880g9-derived cosmid pool to screen bone marrow slide preparations of four patients with deletions of the chromosome 5q observable by light microscopy ( Table 2 ). In mitoses with del(5q), all cases exhibited only a single positive signal on the cytogenetically normal copy (data not shown).
RT-PCR sequencing of the retained Smad5 parental allele in HL60
We used RT-PCR-based sequencing of the entire coding region of Smad5 to search for potential genetic changes in the nucleotide sequence of the remaining expressed allele. Three amino acid residues distinct from the wild-type Smad5 sequence (GenBank No. U59913) were found within the central proline-rich region of Smad5 (His175Asp, Pro237Asn and Arg293Ser). Multiple-alignment computer analysis revealed the distinct HL60 codons detected in our laboratory are evolutionarily conserved among the murine homologue Dwarfin-C, the Drosophila Mad as well as other human homologs (Smad1, Smad2) (Figure 4) , and are likely to represent com- Smad2/MADR2, and Smad3. 14, 16, 18, 22, 29 Protein products of
The same results were obtained (data not shown) for IL4/IL5 locus these genes function as transcriptional regulators acting downcentromeric to YAD 880g9 as well as inter-Alu-PCR generated probe stream in the inhibitory pathways of TGF-␤/BMP signalling.
14 of YAC 848d1 located telomeric to 880g9 (see map in Figure 1 ).
Smad5 together with Smad1 and Drosophila Mad are the clos-
Figure 4
Multiple alignment of the amino acid sequences of U59913, wild-type Smad5; HL60, Smad5 expressed from the retained parental allele; Dwf-C, the murine homolog of Smad5; and Mad, Drosophila melanogaster Mad protein. Open arrowheads denote differences between the wild-type and HL60-derived sequences and evolutionary conservation of the same residues among other species. A WWW on-line program BOXSHADE (ISREC Bioinformatics Group, Epalinges S/Lausanne, Switzerland was used for shading of the amino acid residues. est evolutionary homologs as are their ligand counterparts with 5q31 deletion. 9, 35 The residual signal detected by FISH BMP4, BMP2 and decapentaplegic (dpp), respectively. BMPin HL60 originates from the YAC 880g9 sequences and is 2/-4 signals have been shown to be potential inducers of venindicative of partial loss of genomic material from the YAC tral mesoderm in Xenopus laevis 4, 30 and they induce blood880g9-corresponding sequences coupled with a translocation. forming tissue formation from primitive mesenchyme in XenThis event disrupts the critical locus 5q31.1 in a complex opus embryonic animal pole explants 2, 4 as well as in mamrearrangement of one parental copy, accompanied by submals. 3, 5 One of the BMP-4 signalling responses in Xenopus is stantial loss of chromosome 5 genomic material including the expression of a paired-class homeobox gene Mix.1 of the Smad5 sequences, as shown in Figure 3b and c. The retention Pax family. 4 Mix.1 mRNA exhibits strong ventralizing effects of the 5q31.1 genomic material, here translocated on a marker accompanied with blood (globin) formation when injected chromosome, is in accord with the previously reported molinto the frog embryo at one-cell stage. Expression of BMPecular analysis of the HL60 cell line that has revealed an 4 after midblastula transition also induces high levels of SCL intrachromosomal rearrangement resulting in truncation of the protein, 31 a master regulator transcription factor expressed in GM-CSF gene and insertion of its fragment into the D5S89 the pluripotent hematopoietic stem cell and essential for the locus. 15, 16, 18 These mutations occurred DPC4, detected in limited subsets of cases with pancreatic predominantly in the mutational hot spot within the highly and colorectal tumors with del(18q). 15, 16, 18 Other mechanism conserved C-terminal region harbouring the transactivating of Smad5 inactivation in HL60 such as aberrations within the activity of the Mad-related proteins. Presence of the Smad5 5′ or 3′ untranslated regions or impediment of the signalling transcripts observed in all cell types examined is concordant mechanisms due to the decreased cellular level of the Smad5 with previously reported ubiquitous expression of mammalian protein should be taken into account and will be examined. Mad genes and the role of the proteins as latent transcriptional Potential involvement of Smad5 in leukemogenic mechanisms transactivators localized in the cytoplasm, recruited to enter in a subset of MDS/AML cases with del(5q) therefore cannot the nucleus upon receiving a phosphorylation signal transbe ruled out and it is being investigated in our laboratory by duced along the TGF-␤ family signalling pathways. 14, 16, 22, 34 mutational analysis of a larger set of patients with these Ubiquitous expression of murine homolog of Smad5, Dwarfindisorders. C, was also previously noted in multiple tissue types of the mouse. 34 Given its potential biological role in myeloid hematopoiesis and association of the Mad homologs with cancer, Smad5 may represent a potential tumor suppressor candidate in hematological malignancies with del(5q) such as Acknowledgements MDS/AML.
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